Aims: To assess mortality and cancer morbidity in Canadian petroleum workers and explore exposureresponse relations for specific petroleum agents. Methods: A total of 25 292 employees hired between 1964 and 1994 were linked to the Canadian tumour registry and national mortality database. Exposure-response trends were assessed for hydrocarbon solvents/fuels, hydrocarbon lubricants, petroleum coke/spent catalyst, and hydrogen sulphide (H 2 S). Results: External comparison analyses (mortality and incidence) showed deficits for all causes and all malignant neoplasms combined and were consistent with expectation for most malignant and nonmalignant sites analysed. Gall bladder cancer mortality was increased among males based on four deaths, but cases had no common job assignments and the increase was focused in workers employed ,10 years. Mesothelioma incidence was increased. Most exposure-specific analyses were compromised by small numbers. Statistically significant increases were observed for H 2 S exposure and a subgroup of accidental deaths as well as for petroleum coke/spent catalyst exposure and lung cancer. While both findings have a degree of biologic plausibility, the H 2 S association, which exhibited a clearer exposureresponse pattern, could be subject to unmeasured confounders. Additionally, interpretation was complicated by the high correlation between hydrocarbon and H 2 S exposures. With regard to lung cancer, the analysis could not adequately control for smoking, was based on small numbers, and exhibited a tenuous exposure-response pattern.
Conclusion:
The findings for mesothelioma suggest the need for continued attention to asbestos in the petroleum industry. The relation between accidental deaths and H 2 S exposure deserves closer scrutiny in similarly exposed populations. Further analyses of lung cancer are underway and will be reported separately.
W e recently extended mortality follow up to 1994 for a large cohort of employees working between 1964 and 1983 in diverse operating segments of a Canadian petroleum company. 1 The main finding was a statistically significant increase in mesothelioma among refinery/petrochemical workers. Increases were also observed for multiple myeloma and aortic aneurysms among marketing/distribution workers, although no clear patterns by duration of employment nor time since hire were evident. Earlier studies of this cohort 2 3 found increased malignant melanoma and multiple myeloma among upstream (jobs involving exploration and production of natural gas and crude oil) and marketing/distribution workers, respectively. These latter two findings were related to duration of employment, but not to estimated hydrocarbon exposure frequency. 3 The cohort for the present study differs from previous company cohorts 1 2 in several ways. First, the cohort is an inception cohort from 1964 onwards, a time period more relevant to modern day work environments. Second, we included only employees with relatively complete work histories and utilised a company exposure tracking system to develop semi-quantitative exposure estimates for select petroleum agents. Finally, we utilised the Canadian Cancer Data Base (CCDB), a population based tumour registry, to obtain cancer incidence data, in addition to mortality information. However, because employees were relatively young and exposures were generally low, statistical power is limited except for causes of death and diseases that may be more prevalent among younger persons and/or have shorter latencies.
METHODS

Cohort identification and definition
We identified the cohort using the company's personnel, payroll, and human resources databases, which have been in existence since 1964. The cohort included all employees first hired between 1 January 1964 and 31 December 1994 who had at least one year of employment. As such, employees from the previous cohort 1 who were retired and alive as of 1964 and employees hired before 1964 were excluded (n = 16 200). This definition eliminates potential survivor bias by excluding retirees and persons working as of 1964. We also excluded employees having less than 90% of their total company work time assigned to similar exposure groups (defined later) (n = 325). The final cohort comprised n = 25 292 employees, of which n = 18 360 were also included in the previous mortality update. 1 Thus, the cohort is smaller and younger than previous cohorts. 1 2 Work history summarisation and confounding factor data The work history variables included work site, department, function (within department), and job title. All changes in these variables were tracked, along with the effective date of change. Gaps in employment due to factors such as layoffs were accounted for.
Data on history of tobacco use (cigarettes, cigars, and pipes) were obtained from computerised medical files. These data were only sufficient to classify workers as having ever/ never (or unknown) smoked. Information on smoking history was missing for 57% (n = 14 375) of the cohort. A comparison of employees with and without smoking information classified by demographic variables (for example, age, time period) indicated differences of approximately 10% or less within the classes.
Data quality assurance
All aspects of the study were conducted according to good epidemiology practice (GEP) guidelines. 4 We performed quality checks on fields abstracted from the payroll and personnel systems to ensure that dates were valid, complete, and formed logical progressions; this included out of range checks as well as consistency checks between fields.
Exposure assessment
The exposure estimating methods are described in detail elsewhere. 5 In 1987, the company implemented an exposure tracking and health information system (ETHIS). The ETHIS groups employees by similar exposure group (SEG) codes using location, department, function, and dates. The SEG code describes potential exposures among employees who perform similar work and have similar exposure potential. The SEG codes include estimates of exposure that were developed by an industrial hygienist through interviews, chemical inventories, IH measurements (where available), and their knowledge of the workplace. In many instances, data from similar units or worksites were used.
Each SEG code is linked to a substance (that is, an ETHIS agent). Each ETHIS agent contains a record indicating estimates of the exposure concentration (based on one of four centile categories of the occupational exposure limit (OEL)) and exposure frequency (as fraction of a year exposed). Since the work histories used in this study extended back to 1964 and the ETHIS system started in 1987, unassigned work history lines were linked to new or existing SEGs by two industrial hygienists familiar with the work site. 5 
Selection and definition of study agents
We developed the following criteria to select agents for study: the potential hazard of the substance, the ability to generate new hypotheses, the lack of good exposure-response information in human populations, the existence of high quality exposure measurements or estimates, prevalence of exposure, and related factors. Application of these criteria resulted in the selection of five study agents: hydrocarbon solvents/fuels, hydrocarbon lubricants, petroleum coke, hydrogen sulphide (H 2 S), and a general indicator for exposure to operations.
Hydrocarbon solvents/fuels included saturated, alicyclic, aromatic, and olefinic hydrocarbons with carbon numbers from C5 to C16, boiling points from 35˚to 338˚C. Hydrocarbon lubricants included base stock oils and finished products obtained by blending additives into these oils. Hydrocarbon lubricants include some ''mildly refined'' components such as middle distillate solvent extract. Examples of hydrocarbon lubricants include engine, gear and hydraulic oils, electrical and heat transfer oils, automotive and industrial greases, and speciality lubricants. Petroleum coke is associated with a number of refining processes, including coking, catalytic cracking, hydrocracking, reforming, and hydroforming. We defined exposure to include both exposure to fine dust particles of petroleum coke as a by-product, as well as exposure to catalyst dusts containing small quantities of petroleum coke (hereafter referred to as petroleum coke/spent catalyst). Hydrogen sulphide, the only ''pure'' substance agent assessed, is a major component of many production or process streams and some products. We subsequently dropped the general exposure indicator, since findings were unremarkable.
Exposure estimation process
All exposure estimation was performed without knowledge of the individual's disease status. Once all SEG codes that contained one or more of the study agents were identified, exposure categories (ordinal rankings) were assigned to all work history lines having these SEG codes. Cumulative exposure (CE) was calculated as where C = concentration (based on one of four centile categories of the OEL), F = frequency of exposure (fraction of year exposed), and Y = number of years in job. Similar methods were used to calculate CE for those study agents comprised of multiple ETHIS agents. 5 Finally, we evaluated the quality of the exposure estimates compared with industrial hygiene measurement surveys. Based on a sample of 460 IH surveys carried out during varying time periods, there was a high level of agreement between measured and estimated exposures. N Exposure-response analyses suggested a trend for cumulative H 2 S exposure and transportation accidents. However, due to study limitations (for example, unmeasured confounders) and a lack of similar studies with which to compare results, findings need to be verified in other similarly exposed populations.
N Lung cancer risk was increased among workers in the highest cumulative exposure category for petroleum coke/spent catalyst. However, there was inadequate control for smoking, small numbers, and the exposureresponse pattern was tenuous. Additional larger studies with improved data on smoking and exposure may help clarify the findings and the broader question of lung cancer risk in petroleum workers.
were identified using the US National Death Index (NDI) and company death notices.
Underlying cause of death was determined by SC using the International Classification of Diseases (ICD) code, revision in effect, for deaths identified via the CMDB linkage. For all remaining deaths, underlying cause was determined by a single certified nosologist. Due to potential vinyl chloride monomer and asbestos exposure at certain locations, a certified nosologist reviewed all death certificates for selected ICD codes (see appendix of Schnatter and colleagues 2 ) for any mention of angiosarcoma or mesothelioma.
Cancer incidence ascertainment
We identified incident cancers diagnosed among employees between 1969 (the cancer registry start date) and 1994 using Statistics Canada's CCDB. The CCDB's linkage procedures, which involve the use of customised rules for matching records, were used. Information obtained for all tumours identified included date of diagnosis, ICD code (9th revision), method of diagnosis, histological classification, and source of registration. Instances where employees had more than one record indicating a malignancy were reviewed by SC to determine if the records were duplicate reports or independent, multiple primary tumours. The International Agency for Research on Cancer's (IARC) rules for determining multiple primary cancers 6 were followed for all malignant sites except for lymphoma and leukaemia, where the surveillance, epidemiology and end results rules were used. 7 Malignant neoplasm deaths identified by the CMDB that were not identified as incident tumours by the CCDB were also counted as incident tumours.
Analysis
Diseases of a priori interest in the general surveillance analyses included causes that were increased in previous company cohorts (multiple myeloma, malignant melanoma, mesothelioma, and large intestine cancer, excluding rectum) 1-3 8 or in other petroleum or petrochemical industry cohorts (lymphohaematopoietic related cancers (LHC), brain and kidney cancer, and angiosarcoma).
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Mortality
Employees were entered into follow up on their 365th work day. Person-years at risk were summed by five-year categories of age and time until date of death or end of study (31 December 1994) , whichever was earliest. Owing to the relative completeness of the CMDB 12 and the NDI, 13 persons of unknown vital status were assumed to be alive until the end of study. Expected deaths were calculated using a modified life were calculated for standardised mortality ratios (SMR) under the assumption that the observed numbers of deaths followed a Poisson distribution. Unless the SMR was statistically significant, we do not present SMR nor 95% confidence intervals when both the observed and expected number of deaths are less than five to avoid presentation of less meaningful results.
Cancer incidence
Standardised incidence ratios (SIR) were calculated, with expected malignancies being based on incidence rates for the general Canadian population. We excluded seven employees from the analysis who died before 1/1/69 (the date of the CCDB's inception).
Workers hired between 1/1/64 and 1/1/68 who had worked at least 365 days were entered into follow up on 1/1/69, while all other employees were entered into follow up on their 365th working day. Employees were considered to be at risk until date of first tumour diagnosis after initial employment with the company, date of death, or end of study, whichever was earliest.
Substance specific analyses
We used Poisson regression techniques to evaluate the relation between selected diseases and exposure to the four study agents. We focused on outcomes that were biologically plausible for each agent, or that have been previously associated with the agent to reduce the likelihood of chance findings. Only outcomes having 10 or more exposed cases are presented to avoid presentation of less meaningful results (there were no significant findings among analyses not presented). These analyses are based on cancer incidence and non-cancer outcomes.
We used SAS 16 to obtain the maximum likelihood relative rate (RR) and 95% confidence interval associated with cumulative exposure (CE) to each study agent relative to unexposed subjects. All regression models for malignant outcomes included categorical variables for age (,40, >40-59, >60+), calendar period (1969-79, 1980-89, 1990-94) , and time since hire (,10, >10 years). Categorisation of cumulative exposure was defined a priori based on (a) tertiles of exposure and (b) 50%, 75%, and 90% of the exposure distribution among exposed subjects. Due to similarity of results, only tertile findings are shown. Table 1 presents the vital status, demographic, and employment characteristics of the cohort. This is a young cohort which, on average, was employed for less than 10 years. Only 2% of the cohort were deceased and 0.7% died of malignancies. Two per cent of the cohort had one or more incident malignancies.
RESULTS
Characteristics of the cohort
Mortality
Deficits of deaths due to all causes and all malignant neoplasms were observed for both males and females (see Total person-years 268290 125522
*As of end of follow up (31 December 1994).
ÀSeven males who died before 1 January 1969 (date tumour registry ascertainment began) were excluded from cancer incidence analysis cohort. Additionally, six males and two females who had a death certificate indicating a malignant neoplasm death but who were not identified by the tumour registry as incident cancers were included as tumour cases. Only one death due to mesothelioma was observed versus 1.3 expected (data not shown). No deaths due to angiosarcoma were identified.
Cancer incidence
There were 501 employees identified by the CCDB as having one or more malignancy. Additionally, there were eight employees identified by the CMDB as having died from a malignant neoplasm who were not identified as incident cases in the tumour registry. The eight employees showed no clustering by year or cause of death. All analyses are based on first diagnosis in the 509 subjects.
SIRs were generally slightly higher compared with SMRs, although both males and females had less than expected incidence of all malignancies combined (see table 3 ). Males experienced a non-significant increase in chronic lymphoid leukaemia (SIR 1.81) and gall bladder cancer (SIR 2.84). All six male chronic lymphoid leukaemia cases worked primarily in office related jobs.
There were four mesothelioma cases identified among males versus 1.32 expected. Work histories indicated two of the four cases were long term workers having potential asbestos exposure. There was one angiosarcoma identified in a short term employee who worked in a job where no vinyl chloride exposures would have occurred (data not shown). Table 4 shows analyses by tenure for males with >10 years since first employment for select cancers. This analysis was hampered by small numbers. There was no pattern of increasing risk with increasing tenure evident for all cancers combined or for lung cancer. However, SIRs increased with increasing duration of employment for large intestine cancer. Small numbers for females precluded analyses for most sites (data not shown), although females showed no increasing trends with tenure for cancers of the large intestine or breast, or ovarian related cancers.
Substance specific results Table 5 shows that concentration estimates were quite low (for example, 75% of exposures were 1 ppm or less for H 2 S). The correlation between petroleum coke/spent catalyst and the other three agents was generally low (Spearman rank correlation coefficients of 0.2 to 0.4) but was relatively high among the other three agents (Spearman rank correlation coefficients of 0.5 to 0.7).
Hydrocarbon solvents/fuels Table 6 shows that there was little evidence of increased risk among employees exposed to hydrocarbon solvents/fuels, although many results were based on small numbers. Risk of brain cancer was non-significantly increased among the middle (RR 2.7) and upper exposure categories (RR 2.0). Table 7 shows a possibly weak increasing trend for brain cancer and hydrocarbon lubricant exposure, although none of the individual RR were statistically significant. For cancers of the large intestine, the RR for the highest exposure group was slightly increased (RR 1.7) and not statistically significant.
Hydrocarbon lubricants
Petroleum coke/spent catalyst
Only approximately 15% of the male cohort was exposed to petroleum coke/spent catalyst. There were insufficient numbers of exposed cases for most exposure-response analyses, although lung cancer showed 12 exposed cases. Less than half (48.5%) of the male workers in the petroleum coke/spent catalyst cohort had known smoking histories. Since there were no cases classified as ''never smoked'', the models could not converge; thus, smoking was classified as ever/never (with unknown smokers classified as never smokers). Using this alternate smoking variable in the model, the risk of lung cancer was statistically significantly increased in the highest exposure group (RR 3.3; 95% CI 1.4 to 7.7) but showed no clear exposure-response trend (see table 8 ). Results were similar without this smoking variable in the model. We also examined SIRs by exposure category for petroleum coke/spent catalyst, as well as for the other substances where lung cancer was of a priori interest (that is, hydrocarbon lubes and hydrocarbon solvents/fuels). Table 9 shows the results are consistent with expected for all exposure categories and all substances. Consistent with the RR results, there was a twofold increase in the highest exposure group for petroleum coke/spent catalyst.
Hydrogen sulphide
The H 2 S analysis focused on non-malignant mortality given the lack of evidence to suggest a possible cancer risk associated with H 2 S. We examined respiratory disease mortality and ''deaths due to accidental poisoning by other gases and vapours'' because exposure to H 2 S occurs by inhalation. Additionally, we assessed risk of death for neurological disorders, accidental falls, transportation accidents (with passengers removed from the analysis to the extent possible based on ICD codes), and suicide based on suggestions from several authors that low level, chronic exposure to H 2 S may impair neuropsychological function.
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The results shown in table 10 indicate that deaths due to respiratory disease were non-significantly increased in the two exposure groups where the RR could be calculated, but these findings were based on small numbers. Suicide showed no relation to cumulative H 2 S exposure. Finally, transportation accidents (for example, motor vehicle) showed an exposure-response trend, with risk in the highest cumulative exposure category reaching statistical significance (RR 2.3; 95% CI 1.2 to 4.4). There were too few deaths due to neurological disorders (n = 3), accidental falls, and accidental poisoning by other gases and vapours among exposed subjects for meaningful analyses.
DISCUSSION
This study examined mortality and cancer morbidity among a cohort of 25 292 Canadian petroleum workers and explored exposure-response relations for four types of petroleum agents. Our study cohort has several advantages compared with previous cohorts from this Canadian petroleum company and other companies. First, by restricting the cohort to 1964 or later hires, healthy worker survivor bias is reduced and the results are more relevant to modern work environments. Second, only employees with complete (>90% of work time assigned to SEGs) exposure histories were included. Finally, mortality information was supplemented with cancer incidence data, with the cancer incidence data being of high diagnostic quality (that is, 91% of the incident tumours were microscopically confirmed).
Interpretation of our findings must also consider several limitations. Because this was a cohort of relatively young employees with few deaths (2% deceased) and few incident tumours (2%), statistical power is limited. While results account for age, time, and gender differences between the cohort and the national population, we could not account for other disease correlates related to lifestyle. We attempted to analyse information on smoking but only 43% of the cohort were classified as a known smoker or non-smoker, preventing adequate control for this important confounder. Another limitation is the large number of disease-exposure comparisons and other analyses (for example, tenure, latency) performed, which increases the likelihood of chance related findings. Also, case identification by the tumour registry may have been incomplete, especially in early time periods Table 6 Rate ratios* and 95% CI by cumulative exposure to hydrocarbon solvents/fuels for selectedÀ cancer incidence among males from a Canadian petroleum company, 1969-94 Model includes additional term for smoking (ever v never/unknown). 1Exposure category combined with category above due to no or small number of cases. Rate ratio and confidence interval is based on observed counts in each cell combined. The counts shown in each cell are the original counts before combined categories.
(1969-73), and in Quebec prior to 1977 (approximately 30% in 1973/74). 22 However, this is unlikely to have seriously biased the exposure specific results since unidentified incident case status is unlikely to be related to exposure.
There was a relatively high degree of correlation between exposures, especially hydrocarbon solvents/fuels and lubricants and H 2 S; this complicates interpretation of unique effects of these exposures. Some extrapolation of exposure estimates was necessary, and there may be heterogeneity within SEGs (for example, opportunity for peak exposures). While the above limitations are considerable, the strengths (for example, lack of survivor bias, relatively complete work history information) are such that the cohort's value will increase markedly in the future as the low power issue is lessened, especially for diseases that are more prevalent at younger ages.
General mortality and cancer incidence
The results suggest that employees have a favourable overall health profile. Deficits of deaths were observed for the major cause categories, which is consistent with other petroleum worker studies. 10 11 There also was a significant deficit in the incidence of all malignant neoplasms combined, a finding consistent with the few previous petroleum studies that have evaluated cancer incidence. [23] [24] [25] [26] It is reassuring that causes of death more common among younger age groups (for example, external causes, AIDS, suicide) and cancers with potentially shorter latencies (for example, LHC) were generally less than or consistent with expected. The reduced mortality and cancer incidence among these workers is likely a reflection of the healthy worker effect 27 28 and the lack of major occupational risks.
Causes of a priori interest
We found mesothelioma incidence to be increased compared with the general population. The number of cases was small (n = 4), and two of the four cases had jobs with limited, if any, potential asbestos exposure. Unfortunately, we did not have data on potential asbestos exposures prior to employment with the company. However, there appeared to be higher risk for long term, long latency workers, which is in agreement with our previous update 1 and with other petroleum worker studies. [29] [30] [31] [32] [33] [34] [35] [36] Given that the cohort included only employees hired in 1964 or later, the findings suggest the need for continued attention to asbestos in the petroleum industry.
Unlike some petroleum worker studies, 9 we found no evidence of an increased risk of overall leukaemia, lymphoma, or related malignancies. Our limited findings are consistent with a meta-analysis of cell type specific leukaemia mortality among over 208 000 petroleum workers in the USA and UK, 37 and a case-control study of benzene and LHC nested within an earlier cohort of these Canadian workers. 38 We also found no evidence of an increased risk of kidney cancer. While there are some epidemiology [39] [40] [41] and toxicology 42 data to suggest an association with petroleum exposures, our findings are consistent with several studies that have found no relation between kidney cancer and hydrocarbons in refinery, 43 44 marketing, 45 and petrochemical 46 workers. While the overall SMR and SIR for large intestine and brain cancer were unremarkable, the large intestine cancer SIR showed a trend with employment duration. Both large intestine and brain cancer showed a weakly suggestive exposure-response trend with hydrocarbon lubricants. Previous studies of workers from this Canadian petroleum company have found large intestine cancer to be increased, 2 8 particularly among marketing/distribution workers (some of whom were in this cohort) where an inconsistent association with total hydrocarbon exposure has been observed. 3 In another petroleum distribution worker study in the UK, an Table 7 Rate ratios* and 95% CI by cumulative exposure to hydrocarbon lubricants for selectedÀ cancer incidence among males from a Canadian petroleum company, 1969-94 Model includes additional term for smoking (ever v never/unknown). 1Exposure category combined with category above due to no or small number of cases. Rate ratio and confidence interval is based on observed counts in each cell combined. The counts shown in each cell are the original counts before combined categories. increase in large intestine cancer was focused among office and clerical workers. 47 Moreover, a large study of workers exposed to lubricants during metal working and machining reported an exposure-response relation for rectal but not large intestine cancer, 48 but another similar study found no relation for either of these malignancies. 49 Finally, the plausibility of an inhalation related exposure to lubricants targeting the large intestine is limited.
Several petroleum worker studies have reported increased deaths due to brain cancer, 35 36 50-53 with some providing a weak suggestion of an association with lubricant exposure. 52 53 However, two large studies of metal working employees have found no evidence of increased brain cancer. 48 49 Overall, our results provide only weak evidence, at best, of a possible risk for large intestine and brain cancer. Nevertheless, it will be important to monitor these diseases in future updates.
Finally, malignant melanoma mortality was increased in earlier studies from this company, especially among upstream workers.
1-3 SIR results showed slight increases, while substance specific analyses showed no evidence of an association. Our results are consistent with most other petroleum worker studies, which have not found skin cancer and/or malignant melanoma to be increased.
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Other health outcomes
Lung cancer
While there were deficits of lung cancer mortality and morbidity among employees compared with the general population, the Poisson regression analyses showed an irregular exposure-response pattern for petroleum coke/spent catalyst exposure, with a statistically significant threefold RR of lung cancer among workers in the highest cumulative exposure category. The SIR analyses showed a similar, but smaller and non-significant increase in the highest cumulative petroleum coke/spent catalyst exposure group. We were not able to adequately account for smoking because there were no employees classified as non-smokers among the lung cancer cases. We also did not have data on socioeconomic *All models include terms for age and calendar period. Number (n) is number of cases in exposure category.
ÀOther causes of death evaluated but not shown due to less than 10 exposed cases includes neurological disorders (320-389), deaths due to accidental poisoning by other gases and vapours (E869.8) and accidental falls (E880-E888) (numbers in parentheses are ICD 9th revision codes). Model includes additional term for smoking (ever v never/unknown). 1Transportation accidents based on 9th revision ICD codes for motor vehicle accidents (E810-E819), motor vehicle non-traffic accidents (E820-E825), other road vehicle accidents (E826-E829), water transport accidents (E830-E838), and air & space transport accidents (E840-E845). Passengers were excluded from the analysis to the extent possible based on the 4th digit of the ICD code when specified. ôExposure category combined with category above due to no or small number of cases. Rate ratio and confidence interval is based on observed counts in each cell combined. The counts shown in each cell are the original counts before combined categories. **95% CI does not include value of 1.0. status, which could also explain a higher lung cancer risk for the higher exposed workers. Carbon is the primary (84-97%) component in petroleum coke, although polycyclic aromatic hydrocarbons (PAH) and metals (that is, vanadium) also may be present, depending on the type of production process (the production unit in this study was a fluidised catalytic cracking unit). 54 The low level of exposure in our cohort (see table 5 ) detracts from the plausibility of the observed threefold increased risk, although it is possible that peak exposures may have occurred which were not fully represented in our exposure estimates. Finally, spent catalyst dusts contain metallic agents (for example, nickel, palladium), and some metallic agents have been shown to be carcinogenic to the human lung (for example, arsenic, chromium). 55 However, we did not have data on the type, level, and composition of spent catalyst exposure.
The available toxicology data for petroleum coke apply most directly to delayed and fluid coke and indicate little evidence of carcinogenic risk. 56 The product of the delayed coking process, delayed (green) coke, contains significant levels of volatile hydrocarbons, including PAHs. Fluid coke is the product of a continuous fluidised bed coking process and is similar in composition to delayed coke. Mutagenicity tests for delayed and fluid coke have been negative. [57] [58] [59] Previously published studies of petroleum workers have observed consistent, significant deficits of lung cancer mortality compared with the general population, 10 11 although none have examined mortality by exposure to petroleum coke. The only epidemiology study we are aware of to report on petroleum coke workers is Divine and colleagues, 60 who found a deficit of lung cancer deaths among petroleum workers ever employed (SMR 0.65; 95% CI 0.47 to 0.87, O = 44) or employed five or more years (SMR 0.84; 95% CI 0.43 to 1.47, O = 12) in delayed coke processing between 1947 and 1993.
In summary, the petroleum coke/spent catalyst and lung cancer association is statistically significant in the highest exposure group, has some biological plausibility (for example, PAHs, metallic agents), and was of a priori interest. As such, the findings could be argued to be suggestive of a possible occupational relation. However, the existence of only one other (negative) study, the small number of exposed lung cancer cases, the irregular exposure-response, and the inability to adequately account for the potentially large confounding effects of smoking argues against an association. It is possible that additional studies with a greater number of cases, improved data on smoking, and better characterisation of these and other potential exposures may help clarify these findings.
Gall bladder cancer
While gall bladder cancer showed a statistically significantly increased SIR among males, this cause was not of a priori interest, there was no common job assignment among cases, and the SIR showed no trend with duration of employment or time since hire. Only one previous study of refinery workers reported results for gall bladder cancer (SMR 0.95; 95% CI 0.70 to 1.26, n = 47 deaths). 41 On balance, our findings for gall bladder cancer are most likely due to chance, given the large number of comparisons made.
Transportation accidents
Our results indicate a statistically significant RR for deaths due to transportation accidents in the highest cumulative exposure category, with evidence of an exposure-response trend. Several authors of experimental studies in animals [17] [18] [19] and/or case reports or community surveys in humans 20 21 61 have interpreted their findings to be consistent with a neurological effect from low level H 2 S exposure. There have also been reports that repeated or prolonged ''knockdowns'' (that is, loss of consciousness) from high level H 2 S exposure result in prolonged adverse neurological effects, [62] [63] [64] although evidence in this area remains highly controversial. 63 We did not have data on peak exposures or ''knockdown'' events to investigate the role of intermittent, high exposures.
The final interpretation of our results is complicated by several potential confounding factors that we could not account for (for example, duration of time spent in vehicles, which may vary depending on rural versus urban locations, shift work, etc). As this is the first study to our knowledge to examine risk of accidental death associated with chronic H 2 S exposure, no strong inferences can be made without investigation in other populations.
Summary and conclusion
The results indicated a favourable overall health profile for the cohort, with deaths due to all causes and all malignant neoplasms combined and many specific causes being less than expected. Cancer incidence findings were similar, although mesothelioma was increased in long duration/ latency employees. Exposure specific analyses suggested an exposure-response trend for cumulative H 2 S exposure and transportation accidents. However, several unmeasured confounders exist, and there are no similar studies for comparison. As such, the H 2 S findings need to be verified through studies of other similarly exposed workers. We also observed an increased risk of lung cancer among workers in the highest cumulative exposure category for petroleum coke/ spent catalyst; but this analysis could not adequately control for smoking, was based on small numbers, exhibited a tenuous exposure-response pattern, and is the first study to report this association. It is possible that additional studies with a greater number of cases, improved data on smoking, and better characterisation of these and other potential exposures may help clarify the findings.
